Abstract. Graft polymerization of glycidyl methacrylate onto the pore surface of polyacrylamide macroporous gel was implemented in DMSO-aqueous solution using diperiodatocuprate(III) complexes as an initiator. The grafting densities up to 410% were achieved. The graft polymerization was confirmed by gravimetrical methods and FTIR. The graft polymerization of polymer inside the pores of the macroporous gel resulted in increased flow resistance through the gel matrix. The distribution of grafted polymer on the gel pore surface material was studied by scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM). CLSM is an alternative method for studying morphology of gel surface with grafted polymer having the advantages over the SEM allowing to investigate the distribution of grafted polymer inside the hydrogel in a native hydrated state. The microscopic techniques demonstrated uneven distribution of the grafted polymer inside the gel pores as a result of initiating the graft polymerization by insoluble initiator deposited on the pore surface.
Introduction
Hydrogels with mobile polymer chains terminally or loop-wise attached to the hydrogel polymer backbone are of interest for different applications in the biotechnological, medical and pharmaceutical field. Generically, polymer chains of various nature (hydrophilic-hydrophobic, ion-exchange, stimuli-responsive polymer chains) could be introduced into the hydrogel backbone by graft polymerization providing hydrogels with additional behaviour. Thus the wettability, biocompatibility, and water content of the hydrogels were improved by grafting polymer chains from polymer backbone [1] . The terminally attached polymer chains are flexible and capable of fast changing their conformation. This feature has been used for increasing the swelling degree and swelling rate of hydrogels [2] and to accelerate the rate of shrinking/swelling of stimuli-sensitive hydogels in response to changes of external condition (pH, temperature) [3, 4] . The localization of functional groups (cationexchange, anion-exchange, affinity, etc.) at the polymer chains terminally attached to hydrogel surface makes it possible to increase the loading capacity and mass transfer rates and results in marked changes in selectivity of hydrogels during their interactions with biological nano-and macroparticles [5, 6] . Thus the grafted hydrogels have attracted a considerable attention as promising materials for producing new stimuli-responsive drug delivery systems [7] [8] [9] , biomimetic actuators [10] or chromatographic materials [6] .
The hydrogels with terminally bound polymer chains could be prepared by different methods. Hydrogels with freely mobile polymer chains terminally attached onto polymer backbone were prepared by co-polymerization of monomer mixture containing macromonomer [4, 5, 11] or as a result of cross-linking of preformed grafted polymer [12] . Grafting polymers onto an already prepared gel surface is another method, commonly used for gel surface modification. This could be implemented using grafting to method, when the preformed polymer chains with terminally functional groups covalently bound to the surface [13] , or using grafting from method, when the polymer chains are grown via monomer polymerization initiated from the active sites on the gel surface [14] . When comparing these two methods, the grafting from method allows the formation of grafted layer with higher density and thickness of polymer brushes, which could be controlled by the amounts of monomer and catalyst used. The formation of high density of polymer brushes using grafting to method is difficult because of steric crowding of reactive sites at the gel surface by already bound polymer chains. The structure of grafted layer, thickness, density and distribution of polymer grafted in the bulk of hydrogel, is very important considering controlling the gel behavior. Introduction of additional grafted polymer into the gel backbone is usually characterized by using gravimetric methods, infrared spectral analysis and different scanning calorimetry. The determination of the structure of polymer layer grafted on the surface of hydrogel presents especially a big challenge. In this case, the polymer brushes could not be analyzed by techniques traditionally used for the analysis of polymer brushes grafted on flat surfaces like AFM, ellipsometry, surface plasmon resonance or using quartz crystal microbalance. The microscopic methods give the possibility to look inside the bulk structure of polymer materials and visualize the surface morphology of the porous polymer material. Scanning electron microscopy (SEM) has been used for the study of the surface morphology of grafted hydrogels [1] . It reveals the formation of additional polymer layer on the surface of hydrogels. However, sample preparation for SEM requires drying the sample followed by metal coating that might alter hydrogel morphology and the picture obtained represents grafted polymer layer in dehydrated state. This problem could be solved by applying confocal laser scanning microscopy (CLSM). CLSM offers advantages over conventional SEM procedures as it does not require special water removal prior to examination that allows for studying the bulk structure of hydrogel samples in their native state [15] [16] [17] . CLSM is a technique to gain high resolution views of thick specimens by rejection of out of focus scattering. Through the use of a pinhole aperture, light emerging from material above and below the plane of interest is effectively blocked, resulting in the detection of light from a thin specimen slide that is centred on the focal plane. This feature of CLSM, known as 'optical sectioning', makes it possible to scan at various x-y planes corresponding to different depths of the sample, and, thus to reconstruct the 3-D region of the specimen. CLSM has been widely used for investigation of the bulk structure of polymer materials [15] [16] [17] . However to the best of our knowledge there were no reports on the study of polymer grafted on the surfaces in the bulk of porous hydrogel material. Studies on grafted polymers with CLSM are mainly restricted to flat surfaces. For example, Nakayama et al. studied the thickness of grafted polymer layer on the surface of PET films using CLSM [18] . The grafted surface was treated by staining with rose bengal, which fluorescence light was observed under a fluorescent microscope. The fluorescence intensity, which can be correlated to the graft yields, provides the information about thickness of grafted polymer layer on the polymer film. In this study we have attempted to use CLSM for studying the distribution of grafted polymer on the pore surface in the bulk of porous gel material. Glycidyl methacrylate (GMA) was grafted onto the surface of macroporous polyacrylamide gel, so called cryogel (pAAm cryogel) [19] , using diperiodatocuprate(III) as initiator. The gel pore surface morphology and distribution of grafted polymer in the bulk of grafted pAAm cryogel were studied by SEM and CLSM.
Experimental part

Materials
Glycidyl methacrylate (GMA, ≥97% purity) was from Fluka (Seelz, Germany) and used without additional purification. Acrylamide (AAm, more than 99.9 % purity, electrophoresis reagent), methylene-bis-acrylamide (MBAA, 99%), N,N,N',N'-tetra-methyl-ethylenediamine (TEMED, 99%), ammonium persulfate (APS, 98%) and fluoresceinamine, isomer I were from Aldrich (Steinheim, FRG). The potassium diperiodatocuprate(III) solution contained 0.056 M of Cu (III) was prepared according to the method described previously [20] . The rest of chemicals were of the best quality available.
Methods
Preparation of pAAm cryogels
Dry pAAm cryogels were provided by Protista Biotechnology AB (Lund, Sweden). The pAAm cryogels were prepared in glass tubes from polymerization medium containing 6 w/v% (AAm+ MBAA) and 8/1 AAm/MBAA, the amount of APS as well as TEMED was 1.2 w/w% of the total monomer weight. The polymerization solution in the tubes was frozen at -12°C and kept at this temperature for 20 h. After thawing and washing with water (200 ml) the gel matrix was dried at 60°C and stored in dry state.
Preparation of the grafted cryogels
Graft polymerization was carried out according to method described earlier [21] . A dried pAAm cryogel (0.10±0.03 g) was placed in a glass tube and saturated with initiator solution (0.35 M Cu(III), 1 M NaCl). The columns saturated with initiator solution were incubated for 10 min at room temperature and then washed with degassed solution of 0.5 M NaCl until pH of washing solution was 7.0. The samples were incubated at 40°C for 30 min. The monomer solutions in DMSO (70 v/v%) was passed through the gel matrix at a flow rate of 2 ml/min. The flow was stopped by corking the glass tube. The glass tubes were placed in waterbath at 80°C for 4 h. Any soluble homopolymer of GMA was extracted from the grafted cryogels with DMSO. The un-reacted diperiodatocuprate(III) and reaction byproducts were removed by washing with 30 ml 0.1 M HCl. Finally, the gel was washed with an excess of deionized water.
Characterization of graft cryogels
The grafting degree (G) and density (D) of the graft polymerization were calculated as Equations (1), (2): (1) (2) where W 0 and W 1 , are the weights [g] of original and grafted samples, respectively. V is the volume [ml] of sample, M w is the molecular weight of monomer used for the graft polymerization. Flow rate of water passing through the column was measured at the constant hydrostatic pressure equal to 100 cm of water-column corresponding to a pressure of circa 0.01 MPa according to Plieva et al. [22] . The FTIR spectra of dried plain cryogel and grafted cryogel in potassium bromide pellets were recorded using an FTIR-8300 spectrophotometer (Shimadzu). Scanning electron microscopy was carried out using JEOL JSM-5600LV scanning electron microscope [22] . Confocal microscopy was carried out as follows. A disc of approximately 1 mm in height was cut from the wet cryogel monolith. The disk was labelled with fluoresceinamine and examined in confocal laser scanning microscope (CLSM, Leica SP2, Heidelberg, Germany) equipped with He-Ne laser. The disc was placed on a glass slide with a cover slip. CLSM images were taken from the disc interior with both maximum projection and transparency modes. The excitation and emission wavelengths were 488 and 519 nm, respectively. All images were generated by optical sectioning in z-direction. For this purpose, 500 optical sections were taken along with a z-distance of 160 µm. The samples were stained with fluoresceinamine which was covalently bound to the grafted poly-GMA as follows. Dried cryogels were placed in glass tube and saturated with solution of fluoresceinamine (50 mg/ml in aqueous solution of DMSO, 50 v/v%, pH 7.0). The glass tubes were sealed and placed in thermostated bath at 70°C for 5 h. Then the cryogel was washed with excess of water to remove unbound fluoresceinamine.
Results and discussion
Glycidyl methacrylate (GMA) was grafted onto the pore walls of macroporous polyacrylamide hydrogel, so called cryogel (pAAm cryogel), using diperiodatocuprate as initiator. Cryogels are pro- duced by radical copolymerization of acrylamide with methylene-bis-acrylamide in partially frozen reaction media [22, 23] . They are characterized by dense non-porous polymer walls and a system of large interconnected pores filled with water. The swollen cryogel fill up the glass tubes where it was prepared so that the liquid when applied on top of the gel plug passes through the interconnected porous system of the cryogel. The cryogel with mean pore size about 35 µm with pore size distribution of 5-100 µm was used in this study [24, 25] . The structure of large interconnected pores of cryogels promote grafting providing an ample surface for grafting and ensuring a good mass transport of reagents in the bulk of the gel matrix. Soluble (nongrafted) homopolymer and insoluble by-products of initiator oxidation formed during the polymerization reaction are easily washed out after finishing the graft polymerization. Graft polymerization of GMA was initiated by diperiodatocuprate(III) which is an efficient initiator of radical polymerization of vinyl monomers on the polyacrylamide backbone [21, 26, 27] . Diperiodatocuprate(III) forms, via redox reaction with amide groups on the polymer backbone, amidil radicals which initiate radical polymerization (for mechanism see Zhang et al. [28] ). The graft polymerization was implemented using a two-steps method: saturating the cryogels with aqueous solution of initiator and replacing it with monomer solution in aqueous-organic mixture. The initiator was deposited onto the pore surface in the form of insoluble sodium diperiodatocuprate(III) during the saturation with initiator solution. The soluble initiator and KOH presented in the initiator solution were removed by washing with NaCl (see methods). This approach allows implementing effective graft polymerization of water insoluble GMA in the DMSO-water medium and allows avoiding the high-alkaline conditions during the graft polymerization, decreasing the risk of hydrolysis of epoxy groups and the polyacrylamide backbone during the graft polymerization [21] . The cryogels with high density of grafted GMA up to 1.44 mmol/ml of cryogel (grafting percentage, G% = 410%) were prepared using this method. The grafting percentage (G%) and the density of GMA grafted (D GMA , mmol/ml of cryogel) increase with increase in the monomer concentration ( Table 1) . The grafting of GMA was confirmed by comparing FTIR spectra of grafted and non-grafted, plain cryogel. In FTIR spectrum of GMA-grafted pAAm cryogel, the strong band of C(=O)-O stretching vibration appeared in the region 1270 cm -1 (Figure 1) . This band together with the νC=O at 1740 cm -1 revealed the ether structure in the grafted polymer [29] . The presence of the 910 cm -1 band indicated the incorporation of epoxy groups [29] . There is the strong band at 1170 cm -1 in the spectrum of GMA-grafted pAAm cryogel. This band could be related to C-N stretching vibration and NH in-plane deformation of secondary amides [29] . These data confirm initiation of graft polymerization from the amide group of redox reaction of diperiodatocuprate(III) with amide groups on the polymer backbone pAAm cryogel (-C(=O)NH 2 ) and formation of grafted polymer chain (-C(=O)NH-polyGMA). The graft polymerization of the polymer inside the cryogel resulted in increased flow resistance of the cryogel (Figure 2) . Previously, it was demonstrated that measuring the flow rates through the grafted pAAm cryogel monoliths at the constant pressure of water column represents a simple method for the comparative study of pore structure of the cryogel samples and the changes in the pore structure imposed additionally by the grafted polymer layer [30] . The presence of the high concentration of the grafted polymer inside the pores localized near the pore surface obstructed the flow of solutes through the GMA-grafted pAAm cryogel matrix increasing the flow resistance. Figure 1 . FTIR-spectra of non-grafted (plain) and GMAgrafted pAAm cryogels
The distribution of the grafted polymer within the pore of the cryogel was studied by SEM. SEM clearly demonstrated the formation of newlyformed polymer phase inside the cryogel pores ( Figure 3 , for structure of non-grafted pAAm cryogel see Figure 2 in Plieva et al. [23] ). The grafted polymer is visible in the form of particles of different shape and size, which are unevenly distributed over the polymer surface of the cryogel walls (Figure 3 ). There are areas with small particles (less then 1 µm) 'evenly' distributed within restricted area together with the particles of large size up to 20 µm (Figure 3a, b) . Moreover the rod-and starshaped particles of the grafted polymer of the size ca. 100 µm are also present (Figure 3c, d ). As the graft polymerization has been initiated with insoluble initiator, sodium diperiodatocuprate(III) complexes, deposited at the surface of the pores, the uneven distribution of the insoluble initiator could result from the efficient synthesis of grafted polymer occurring at specific sites rather than producing molecular brushes covering evenly the surface of pores. Thus the SEM demonstrated that the graft polymerization initiated by initiator deposited at the surface resulted in an uneven distribution of grafted polymer and formation of the small and large polymer pieces of grafted polymer in the cryogel pores. However, when using SEM the cryogel sample must be dried before investigation thus it could represent the altered structure of the grafted cryogel. Therefore, in our study we have attempted to use CLSM for the characterization of the bulk structure of the grafted cryogel. With this technique water does not need to be removed prior to examination and the surface morphology of the cryogel and the layer of grafted polymer could be studied in hydrated state and in much depth compared to when SEM was used. It should be mentioned, that at present there is no other direct technique suitable for studying the structure of layers of polymer grafted inside the porous hydrogel material in its native hydrated state. The grafted layer was stained by covalent coupling of fluoresceinamine to epoxy groups and the result was visualized by CLSM, the 3D images were reconstructed representing the structure of the grafted cryogel in the native non-dehydrated state. The CLSM despite somewhat lower resolution than SEM, revealed the same macrostructure of the cryogel as SEM did with thick polymer walls and large pores up to 100 µm (Figure 4a ). The grafted polymer of GMA was present in the form of particles of different shape (Figure 4b, c, d ). CLSM also revealed uneven distribution of grafted GMA in the pores of the cryogel along with the formation of the large rods-and star-shaped particles supporting the mechanism of uneven formation of the initiating centers on the gel surface during the graft polymerization initiated by the initiator deposited on the surface (Figure 4b, c, d ). Thus, in order to control grafting from in a rational way it is important not only to control the grafting efficiency i. e. how much polymer is grafted, but it is also vital for the production of the material with desired properties to control how the grafted polymer is distributed along the surface (in this particular case the surface of macropores) used for the grafting.
Conclusions
GMA was effectively grafted onto the surface of pAAm cryogel using diperiodatocuprate(III) as initiator. The high densities of GMA grafting up to 1.44 mmole of GMA per ml of cryogel or 410% grafting have been achieved. FTIR, SEM and CLSM confirmed the formation of additional grafted polymer attached to the pore walls of the pAAm cryogel. SEM and CLSM were successfully used for studying of morphology of the gel surface with grafted polymer. CLSM has the advantage over SEM allowing investigations of the distribution of the grafted polymer inside the hydrogel in their native hydrated state. Both microscopic techniques demonstrated uneven distribution of the grafted polymer inside the gel pores as a result of initiating the graft polymerization by insoluble initiator deposited on the pore surface. 
